The effects of lipids on rheological characteristics and appearance of heat-induced soybean protein gels were investigated, and these properties were related to a protein-lipid interaction. The hardness of soybean oil-supplemented gels increased as the level of lipid addition increased. On the other hand, the same parameter of lecithin-supplemented gels increased with low deformation (<20%), but decreased with greater deformation (>60%) in the region above the yield point. Uniaxial compression test results revealed that inclusion of lipid materials enhanced the heatinduced gelation of a soybean protein. The lipid free gels had a dense packing structure with small globules as judged from scanning electron microscopic images. Soybean oil-supplemented samples had a sponge-like ultrastructure, whereas lecithin-supplemented gels exhibited a network structure. These results suggested that the crosslinks were joined by both short stiff chains and longer flexible chains in neutral lipid-supplemented gels, whereas crosslinks joined by both short stiff chains and longer limper chains existed in polar lipid-supplemented samples. 
continued with a magnetic stirrer. For homogenization, a hand mixer (MK-H2, Matsushita Electric Co., Ltd.) was used at the maximum speed for lOmin. The concentration of the protein was 1 5% (w/v) and the.concentrations of the added lipids were 0, 0.5, 1, 2, 3 and 4% (w/v). The proteinlipid pastes were transferred to 50 ml centrifuge tubes and centrifuged at 1,610 xgr for 1 min. They were then transferred to glass tubes (25 x 120mm) and heated for 45min at 90°C. After heating, the tubes were immediately cooled in a water bath (20°C) for 1hr and then kept at 5°C for 18hr for formation of gels. Prior to measuring the physical properties, the gels were equilibrated at 20+
0.2°C for 30min. The speed of the movingstage was set at 1 mm/secin both the upward and downwarddirections. The compression ratios of the cylindrical specimen (18mmin height, 25 mm in diameter) were 0.2 (20% deformation), 0.6 (60% deformation) and 0.8 (80% deformation). A full scale load range of +1,999g was used and two consecutive bites were taken. The textural parameters were evaluated according to Bourne's definition.6) Namely, hardness is the peak force measured during the first compression cycle, fracturability is the force at the first significant break in the curve, cohesiveness is the ratio of the positive area under the second compressionto the positive area under the first compression, and adhesiveness is the work exerted on the dragged force after the first bite.
Each experiment was performed at least three times in duplicate and data obtained were averaged.
Uniaxial compression test.1] Compression tests were conducted on ten specimens of each sample using the rheometer at a compression speed of 1 mm/sec. Cylindrical and isotropic samples (18mm in height, 25mm in diameter) were equilibrated to 20+0.2°C and tested at the same temperature.
For each sample, the maximumstress (<rc) and strain (ec) prior to failure and the apparent modulus of elasticity (E ) were determined with the following equations.°c = FmJA (1) where Fmaxis the maximumforce prior to rupture which is usually referred to as the rupture strength or the gel strength and Ais the initial cross-sectional area. sc = LTJL0 (2) where Lo is the original sample height and Lrup is the absolute compression at break.
where a is the stress calculated over the original sample area, e is the nominal (Cauchy's) strain, F is the force at deformation, and L is the sample height at the linear viscoelastic region ( < 1 5% deformation). Soybean oil-supplemented gel (O) and powdered soybean lecithin-supplemented gel (#). Hard., hardness; Cohes., cohesiveness;
Adhes., adhesiveness.
gold. Samples were viewed under a scanning electron microscope (S-700, Hitachi Seisakusho Co.) operated at 20kV, at 2,000 x and 20,000 x magnification.
RESULTS
Textural properties Figure 1 shows the textural profile parameters of the soybean protein gels under 20% deformation. The hardness of both commercial soybean oil-supplemented gels and powdered soybean lecithin-supplemented samples increased with increasing amounts of added lipids. Fracturability of these gels was not detectable.
The cohesiveness of soybean oilsupplemented samples slightly increased with increasing amounts of the added lipid. As for lecithin-supplemented gels, the cohesiveness increased to 2 times that of the soybean oilsupplemented samples. The adhesiveness of the soybean oil-supplemented gels decreased with increasing amounts of the lipid, whereas the adhesiveness of lecithin-supplemented gels increased except at lower levels (<2%) of the added lipid.
Under 60%deformation, large differences in the hardness and the cohesiveness of the gels were observed; soybean oil addition enhanced the hardness of the gels, although this parameter of the lecithin-supplemented gels continued to decrease. Fracturability of lecithinsupplemented samples was detectable above 2% of the lecithin, and decreased with increas- The hardness and the fracturability of both soybean oil-supplemented gels and lecithinsupplemented gels under 80% deformation (Fig. 3) were similar to those under 60% deformation (Fig. 2) . The soybean protein gels at higher levels of the soybean oil (>5%) were too tough for measurementwith the rheometer used in this study. The cohesiveness of the lecithin-supplemented gels increased to 1.5 times that of the soybean oil-supplemented gels. For adhesiveness, the values were approximately the same as those under 60% deformation.
Uniaxial compression test results
Cylindrical specimens (18mm in height, 25mmin diameter) were subjected to a compression test after equilibration to 20±0.2°C.
The rupture stress (ac) defined in Eq. (1) and the rupture strain (ec) defined in Eq. (2) are the ultimate properties9); oc and sc refer to the stress and the strain prior to rupture of materials, respectively. Thus, these two parameters are defined as the resistance to failure. The modulus of elasticity, which is the ratio of stress to strain within the elastic range of the material, is an indication of rigidity and stiffness of the material and not an indication of its degree of elasticity.
In rheology, elasticity is defined as the capacity of a material for withstanding elastic or recoverable deformation.
Compression tests ofa variety of soft and hard foods have indicated that elasticity as defined by Hooke's law does not really occur in food materials. Mohsenin et al.10) concluded that to maintain the purity of the term "moduls of elasticity," the term "modulus of deformability"
should be substituted for the term "modulus of elasticity" in research on food materials. However, the term modulus of elasticity can be applied to food materials to determine the mechanical behavior of the food within the elastic range. Therefore, we adopted the term "apparent modulus of elasticity C^app)" using the known concepts in solid mechanics.
There were large differences in the rupture stress and in the rupture strain between soybean oil-supplemented gels and powdered lecithin-supplemented gels; both parameters of the soybean oil-supplemented samples increased with increasing amounts of the lipid, whereas those of lecithin-supplemented gels considerably decreased (Table I) inability of the gels.
Scanning electron microscopic structure Differences in geometrical characteristics between soybean oil-supplemented and powdered lecithin-supplemented soybean protein gels can also be elucidated in part by scanning electron microscopy (SEM). As was more generally apparent on visual observation, the SEM images clearly show surface differences at a high magnification. Figure 4 shows the SEMstructures of the three samples (lipid free gel, soybean oilsupplemented gel and lecithin-supplemented gel) double fixed with glutaraldehyde and osmic acid. The magnifications used were 2,000 x and 20,000 x for Fig. 4A-1, Fig. 4B-1,  Fig. 4C-1, and Fig. 4A-2, Fig. 4B-2 and Fig.  4C-2 , respectively.
The lipid free protein gel had a laminar packing like microstructure (Fig. 4A-1 ) and an ultramicro network structure with small globules (Fig. 4A-2) . On the other hand, soybean oil-supplemented and lecithin-supplemented gels had spatial orientation structures.
The soybean oil-supplemented gel had a porous surface (Fig.  4B-1 ) and a sponge-like surface with holes of different sizes ( Fig.  4B-2) .
The lecithinsupplemented sample showed a rough surface having spatial weaving of fibers ( Fig. 4C-1) and a typical three-dimensional network structure ( Fig.  4C-2 The mechanical properties of a soybean protein gel to which soybean oil or powdered soybean lecithin had been added, changed as the contents of the lipid or degree of deformation changed. It would be possible to interpret the results in terms of the difference in the hydrophile-lipophile balance or state and amount of free water in the protein-lipidwater suspension systems to which different lipids were added. The differences in the morphological state of crosslink units for the protein-lipid-water suspension systems without the gelation process were discussed in the preceding paper.3) Those differences will affect the resistance of the gel against fracture, and the strength or number of connected crosslinks in the gel. It is knownthat some of the crosslinks must moveor break whenthe gel is deformed.16) It would be possible to interpret the stress relaxation response (data not shown here) in terms of the rupturing of a sequence of closslinks of gels. Whereas crosslinking of gel formation would be expected to occur at random, tough network chains of short length will exist in lipid free gel and this network is responsible for mechanical and geometrical characteristics of the gel. On the other hand, the crosslinks were joined by both short stiff and long flexible chains in soybean oil-supplemented gels. For lecithin-supplemented samples, the crosslinks joined by short stiff chains will break in a short time; as the deformation increases with time the rupture of progressively longer and more limp chains will occur. Under low deformation the increase in the modulusof elasticity wouldbe expected to be dominated by the contribution from these stiffer and shorter network chains.
Only crosslinks connected by long and flexible chains will remain under great deformation.
The difference in the network structure for gels will be primarily in the greater number of longer network chains existing in lipid-supplemented gels and these chains will not influence mechanical properties under low deformation, i.e., apparent elastic modulus, but influence ultimate properties (ac and ec). In view of the ideas discussed above this seems 
